DNA methylation is a common modification occurring in all living organisms. 5-methylcytosine, which is produced in a reaction catalysed by C 5 -methyltransferases, can spontaneously undergo deamination to thymine, leading to the formation of T:G mismatches and CfiT transitions. In Escherichia coli K-12, such mismatches are corrected by the Very Short Patch (VSP) repair system, with Vsr endonuclease as the key enzyme. Neisseria meningitidis possesses genes that encode DNA methyltransferases, including C 5 -methyltransferases. We report on the mutagenic potential of the meningococcal C 5 -methyltransferases M.NmeDI and M.NmeAI resulting from deamination of 5-methylcytosine. N. meningitidis strains also possess genes encoding potential Vsr endonucleases. Phylogenetic analysis of meningococcal Vsr endonucleases indicates that they belong to two phylogenetically distinct groups (type I or type II Vsr endonucleases). N. meningitidis serogroup C (FAM18) is a representative of meningococcal strains that carry two Vsr endonuclease genes (V.Nme18IIP and V.Nme18VIP). The V.Nme18VIP (type II) endonuclease cut DNA containing T:G mismatches in all tested nucleotide contexts. V.Nme18IIP (type I) is not active in vitro, but the change of Tyr69 to His69 in the amino acid sequence of the protein restores its endonucleolytic activity. The presence of tyrosine in position 69 is a characteristic feature of type I meningococcal Vsr proteins, while type II Vsr endonucleases possess His69. In addition to the T:G mismatches, V.Nme18VIP and V.Nme18IIPY69H recognize and digest DNA with T:T or U:G mispairs. Thus, for the first time, we demonstrate that the VSP repair system may have a wider significance and broader substrate specificity than DNA lesions that only result from 5-methylcytosine deamination.
INTRODUCTION
DNA methylation is an important mechanism that is involved in many cellular processes in prokaryotes, such as defence against potentially harmful foreign DNA, epigenetic control of gene expression, modulation of genetic variation, and co-evolutionary interactions between mobile genetic elements and their hosts [1, 2] . However, DNA methylation may also be the source of mutations. 5-methylcytosine (m5C), which is produced in a reaction catalyzed by C 5 -methyltransferases (m5C-MTases), is less stable than unmethylated cytosine and can undergo deamination to thymine, leading to T:G mismatches and CfiT transitions [3] .
In Escherichia coli K-12, T:G mismatches are removed by the Very Short Patch repair (VSP) system. The key element of the VSP system is a Vsr endonuclease, which nicks the DNA backbone on the 5¢-side of the mispaired thymine, allowing its specific removal. Additionally, the MutL and MutS proteins, DNA polymerase I and DNA ligase participate in VSP repair in E. coli K-12 [4] . A database search showed the prevalence of genes encoding Vsr endonucleases in the genomes of many microorganisms, e.g. Shigella sonnei, Salmonella typhimurium, Salmonella enteritidis, Enterobacter cloacae, Klebsiella pneumoniae, Haemophilus parainfluenzae, Nocardia aerocolonigenes, Bacillus subtilis, Xanthomonas oryzae and Arthrobacter luteus [5, 6] . However, in vitro endonucleolytic activity towards T:G mismatches was only shown for the Vsr endonucleases of E. coli K-12 (V.EcoKDcm) [7, 8] , Bacillus stearothermophilus H3 (V.BssHIII) [9] and Neisseria gonorrhoeae FA1090 (V. NgoAXIII and V.NgoAXIV) [10] . Alanine scanning of the V.EcoKDcm, V.NgoAXIII and V.NgoAXIV endonucleases demonstrated that amino acids Asp51 and His69 are critical, while Glu25, Phe62, Asp/His64 and Asp97 are important residues for the endonucleolytic activity of Vsr enzymes. These residues are engaged in the catalytic mechanism of Vsr, which uses two magnesium-water clusters. For example, His69 abstracts a proton from the magnesium-water clusters, and the activated water attacks the scissile phosphate. Replacement of these amino acids by Ala resulted in the loss of or a significant decrease in the endonucleolytic activity of Vsr proteins [10] [11] [12] .
Neisseria meningitidis (meningococcus), the leading factor in meningitis and septiceamia [13] , is an example of a microorganism that possesses many DNA methyltransferases (MTases), including more than one m5C-MTase [5] . The activities of meningococcal m5C-MTases, M.NmeAI, M. NmeBI and M.NmeDI, were demonstrated in vitro [14, 15] , and genes encoding homologues of either M.NmeBI, M. NmeAI, or both M.NmeAI and M.NmeDI were identified in most meningococcal strains [15] . Recently, single-molecule real-time sequencing confirmed the presence of m5C in the genome of N. meningitidis serogroup C FAM18 [16] .
Although the presence and activity of meningococcal m5C-MTases have been demonstrated, to date, no data have been available on meningococcal DNA repair systems counteracting the effects of 5mC deamination. In this work, we demonstrate the presence and activity of the Vsr endonucleases identified in N. meningitidis. [17] were used in this work. The bacterial strains were grown in Luria-Bertani (LB) broth (Difco) at 37 C with agitation or on LB agar supplemented when needed with 30 or 50 µg kanamycin ml À1 and/or 100 µg ampicillin ml
METHODS

À1
.
Standard molecular biology procedures
The primers for DNA amplification were synthesized at the Institute of Biochemistry and Biophysics, PAS. The PCR reactions were carried out using Pfu DNA polymerase (Thermo Scientific) or PfuUltra DNA polymerase (Stratagene), according to the manufacturer's recommendations. All of the other standard methods were carried out in accordance with the protocols described by Sambrook and Russell [18] .
Gene cloning, protein expression and purification Genes nme18IIVP (locus tag NMC1990; spanning nt 2 035 564-2 035 950 in the N. meningitidis serogroup C FAM18 genome) and nme18VIVP (locus tag NMC0678; spanning nt 699 090-699 536 in the N. meningitidis serogroup C FAM18 genome) were amplified by PCR from chromosomal DNA. The primers for DNA amplification are listed in Table S1 (available with the online Supplementary Material). The nme18VIVP gene was cloned into the NheI-HindIII sites of pET28a(+), while the nme18IIVP gene was cloned into the NheI-SalI sites, yielding, respectively, the pET28a :: nme18VIVP and pET28a :: nme18IIVP plasmids (Table S2) . DNA fragments encoding Vsr proteins were cloned in such a way as to create N¢ terminal fusions with a His tag in the protein sequence.
To produce and purify N. meningitidis Vsr endonucleases, 100 ml LB broth containing kanamycin was inoculated with a single colony obtained by fresh transformation of E. coli BL21(DE3)pLys with the appropriate plasmid. Bacterial cultures were incubated at 37 C until OD 600 = 0.6. Then, IPTG was added to a final concentration of 1 mM and cell growth was maintained at 30 C for an additional 12 h. Next, cells were collected by centrifugation and the bacterial pellet was resuspended in 10 ml of lysis buffer containing 50 mM NaHPO 4 , 500 mM NaCl, 10 mM imidazole, 10 mM b-mercaptoethanol, 0.1 % Tween 20, 55 µM PMSF and one tablet of cOmpleteÔ, Mini Protease Inhibitor Cocktail EDTA-free (Roche Diagnostics). Cells were lysed by sonication, the cellular debris was removed by centrifugation at 40 000 g for 1 h and the supernatant was applied to a 3 ml Ni-NTA agarose (Qiagen) column that had been equilibrated with 100 ml of the above buffer. The column was washed with 150 ml of buffer containing 50 mM NaHPO 4 , 500 mM NaCl, 35 mM imidazole and 10 % (v/v) glycerol. The proteins were eluted with a gradient of imidazole (50 mM-0.5 M) in the same buffer. The Vsr endonucleases were eluted at 0.2-0.25 M imidazole. The homogeneity of the purified proteins was determined by electrophoresis on a 12 % (v/v) SDS PAGE gel. The amount of purified protein was determined using the Bradford reagent (Sigma-Aldrich) with bovine serum albumin (BSA) as a protein standard. Preparation of substrate DNA for Vsr activity assessment Substrate DNAs were prepared following the same procedures as described in Kwiatek et al. [10] . Two oligonucleotides (Sigma-Aldrich) were used to generate substrate DNA. The base sequence for all of the oligonucleotides was: 5¢A TATTCAAACTGGCGCCGAGCGTATGCCGCATGACC TTTCCCATCTTGGCTTCCTTGCTGGTCAGATTGGTC GTCTTATTACCATTTCAACTACTNNNNNNGATATC NNNNNNCGACTCC 3¢ (120-mer) and 5'AGCAAGGC-CACGACGCAATGGAGAAAGACGGAGAGCGCCAAC GGCGTCCATCTCGAAGGAGTCGNNNNNNGATATC NNNNNNAGTAGTTG 3¢ (90-mer). The~33 nt complementary region in both oligonucleotides is underlined. The only difference between the individual substrate DNAs was the composition of the NNNNNN sequence (Table S3 ). The NNNNNN sequence in each primer pair corresponded to the sequence derived from known neisserial m5C-MTase recognition sequences. The nucleotides marked in italics indicate the region that varies from the MTase recognition sequence, containing thymine mismatched to guanine.
To generate substrate DNAs, each oligonucleotide pair was mixed, heated to 95 C for 5 min in 1ÂSSC (15 mM sodium citrate pH 7.2, 150 mM NaCl) and slowly cooled to room temperature. Single-stranded ends were filled in by polymerase I Klenow fragment (Thermo Scientific) in the presence of dNTPs under conditions recommended by the manufacturer. Each substrate DNA contained two sequences deriving from the sequence modified by the individual m5C-MTase (in substrate DNA, the modified cytosine was replaced by thymine). On the opposite strand, in the sequence modified by the m5C-MTase and at the position of the modified cytosine, thymine was mismatched to guanine. In this way, each substrate DNA contained two T:G mismatches. Given that the Vsr endonuclease incises on the 5¢ side of the mismatched thymine, two products should be created (~110 bp and~80 bp) (Fig. S1 ). In addition, substrate DNAs containing A:A, T:T, C:C, G:G, A:G, C:T and U:G mismatches were created. The control substrate DNAs did not contain a mismatch in the NNNNNN region.
Endonuclease activity assay
The endonuclease activity was assayed by incubating 0.15 µM of substrate DNA with 1.5 µM of purified Vsr endonuclease in a final volume of 20 µl containing one of five buffers of the Fermentas five-buffer system. The system included the following buffers (and final concentrations): (i) blue: 10 mM Tris-HCl (pH 7.5 at 37 C), 10 mM MgCl 2 and 0.1 mg ml À1 BSA; (ii) green: 10 mM Tris-HCl (pH 7.5 at 37 C), 10 mM MgCl 2 , 50 mM NaCl and 0.1 mg ml À1 BSA; (iii) orange: 50 mM Tris-HCl (pH 7.5 at 37 C), 10 mM MgCl 2 , 100 mM NaCl and 0.1 mg ml À1 BSA; (iv) red: 10 mM Tris-HCl (pH 8.5 at 37 C), 10 mM MgCl 2 , 100 KCl and 0.1 mg ml À1 BSA; (v) yellow: 33 mM Tris-acetate (pH 7.9 at 37 C), 10 mM Mg-acetate, 66 mM K-acetate NaCl and 0.1 mg ml À1 BSA. The activity of the Vsr endonucleases was studied in each buffer independently. The cleavage products were analysed by electrophoresis in 10 % (v/v) polyacrylamide gels using the Tris-borate buffer system. DNA was visualized by ethidium bromide staining. The GeneRuler 50 bp DNA ladder (Thermo Scientific) was used as a standard.
Site-directed mutagenesis Site-directed mutagenesis was used to generate: (i) the plasmid coding the V.Nme18IIPY69H protein, and (ii) the pACYC184 :: kanS-DI94 plasmid used to the study the mutagenic potential of M.NmeDI MTase. The method was performed using the QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions. The DNA sequence of the mutated DNA was determined to verify that the constructs contained only the desired mutation. The primer sequences used for sitedirected mutagenesis are given in Table S1 .
Kinetic experiments
We incubated 1.5 µM Vsr endonuclease with 0.15 µM DNA at 37 C. Hydrolysis of the substrate DNA was performed in 200 µl, and 20 µl-samples were taken periodically and added to 1 µl phenol:chloroform solution. The substrate and products were separated on a 10 % (v/v) polyacrylamide gel. The amount of DNA contained in each band visualized on the gel was quantified using Quantity One (BioRad). The amounts present in the individual bands were expressed as a fraction of the total intensity of the DNA as visualized by ethidium bromide staining. The percentage of created product was plotted versus the reaction time, and first-order rate constants (k st ) were calculated by fitting the data to a first-order rate equation [10, 19, 20] : % product t =100[1-exp (-k st )] (where t is time and k st is the first-order rate constant) using Origin 6.1 (OriginLab). Single turnover experiments enabled direct observation of the conversion of substrates into intermediates and products in a single pass of the reactants through the enzymatic pathway.
Study of the mutagenic potential of C 5 -methyltransferases The assay, based on genetic reversion of the kanamycin gene (kan), was performed according to [17] with slight modifications. The plasmids used for the assay are listed in Table S2 . To obtain pACYC184::kanS-DI94, codons 93, 94 and 95 in the kan gene were changed in the pACYC184 :: kanR plasmid by site-directed mutagenesis using the KanS-DII and KanSDIP primers (Table S1 ). The replacement of codon 94 (TTG) to CCG caused a Leu-to-Pro change in the protein, and a change of phenotype from kanamycinresistant (Kan R ) to kanamycin-sensitive (Kan S ). Substitution of the third nucleotide in codons 93 and 95 did not affect the protein, but allowed the creation of sequences recognized by the M.NmeDI m5C-MTase. The pACYC184::kanS-HII94 plasmid containing the sequence recognized by M.NmeAI within the kan gene was obtained from Dr A. S. Bhagwat. The pACYC184:: kanS-DI94 and pACYC184 ::kanS-HII94 plasmids were used for transformation of E. coli BH143, yielding E. coli BH143 (pACYC184 ::kanS-DI94) and E. coli BH143 (pACYC184:: kanS-HII94) cells. These cells were transformed, respectively, with the pQE-30 :: nmeDIM plasmid harbouring the nmeDIM gene encoding the M.NmeDI m5C-MTase, or with the pUC :: nmeAIM plasmid carrying the nmeAIM gene encoding the M.NmeAI m5C-MTase. A detailed description of the pQE-30 :: nmeDIM and pUC :: nmeAIM plasmids and their construction is included in Kwiatek et al. [14] . The replacement of the modified (by m5C-MTase) cytosine to thymine, as a result of 5mC deamination, was expected to create a new codon for leucine at position 94 (CTA). Such replacement restores the activity of the enzyme encoded by the kan gene and, thus, changes the phenotype from kanamycin-sensitive (Kan S ) to kanamycin-resistant (Kan R ). After transformation, a culture from a single colony selected from fresh transformants was started in LB medium supplemented with ampicillin. Bacterial cells were incubated at 37 C to OD 600 = 0.5, and then 1 mM IPTG was added and cultivation was continued at 37 C for an additional 12 h. Subsequently, 0.1 ml culture was plated on LB agar supplemented with 50 µg kanamycin ml À1 and incubated at 37 C for 16 h; next, the number of kanamycin resistant cells was calculated. E. coli BH143 (pACYC184::kanS-DI94) strains without the plasmid carrying the nmeDIM or nmeAIM genes and E. coli BH143 were used as controls. In parallel, 0.1 ml of culture was plated on LB agar without antibiotic to determine the total number of viable cells. The mutagenic potential of the studied m5C-MTases was analysed by comparing the number of colony-forming units (c.f.u.) of kanamycin-resistant cells to the number of c.f.u. of the control strains. The experiments were repeated at least three times and their results were averaged.
Enzymes and chemicals
The restriction enzymes, T4 DNA ligase, Pfu DNA polymerase, IPTG (isopropyl-b-D-thiogalactopyranoside), polymerase I Klenow fragment and DNA and protein markers were purchased from Thermo Scientific and used under conditions recommended by the manufacturer. The kits for DNA purification and plasmid DNA preparation were purchased from A&A Biotechnology, Poland. The Ni-NTA agarose was purchased from Qiagen. All of the other chemicals were purchased from Sigma-Aldrich, unless otherwise noted.
Computer analysis
The DNA and protein sequences were compared to the GenBank and SWISS-PROT databases on the BLAST server hosted by the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov/blast). The characterized and putative Vsr endonucleases were aligned using ClustalW software [21] . The phylogenetic and molecular evolutionary analyses of Vsr endonucleases were conducted using MEGA version 4 [22] . The NEIS numbers for Vsr endonucleases were identified using the Neisseria MLST sequence definition database [23] .
Others
The nomenclature for DNA methyltransferases and Vsr endonucleases and their genes follows the recommendation of Roberts et al. [5, 24] .
RESULTS
M.NmeDI and M.NmeAI m5C-MTases of N. meningitidis demonstrate mutagenic potential resulting from deamination of 5-methylcytosine
To study the mutagenic potential of M.NmeDI and M. NmeAI m5C-MTases, a heterologous system based on genetic reversion of kanamycin resistance was used [17] . For this purpose, sequences modified by the studied m5C-MTases, M.NmeDI or M.NmeAI, were introduced into the gene ensuring kanamycin resistance, resulting in a change of phenotype from Kan R to Kan S . Deamination of 5-methylcytosine to thymine in these sequences should restore the Kan R phenotype. In the E. coli strain encoding the M. NmeAI m5C-MTase, the mean reversion frequency was 6.5Â10 À6 (±0.3Â10
À6
), while in the reference strain, it was 5.3Â10
À8 (±0.8Â10
À8
). The mean reversion frequency also increased in the E. coli strain encoding the M.NmeDI m5C-MTase, in comparison to the reference strain [1.4Â10 Table 1 ). E. coli BH143 was used as a control strain.
In addition, the DNA sequencing of 30 plasmid DNAs from revertant cells confirmed the reversion of the initial cytosine to thymine in codon 94.
To conclude, the activity of the meningococcal m5C-MTases M.NmeDI and M.NmeAI is mutagenic in E. coli due to the increase of CfiT transitions resulting from the deamination of cytosine modified by these m5C-MTases.
N. meningitidis carries genes encoding putative Vsr endonucleases After demonstrating the mutagenic potential of meningococcal m5C-MTases, meningococcal genomes were screened for the presence of vsr genes by in silico analysis. The presence of vsr genes in meningococcal genomes was detected by using the nucleotide sequences of genes as probes, encoding Vsr endonucleases (ecoKDcmV, ngoAX-IIIV and ngoAXIVV) for which endonucleolytic activity was previously demonstrated [8, 10] . Among the examined Further analysis showed that all Vsr endonucleases from strains carrying only one vsr gene belong to type I, whereas, among Vsr endonucleases encoded by strains possessing two vsr genes, one protein is always type I, while the other is type II (Fig. S2 and Table 2 ).
Examination of the genomic location of vsr genes showed that they are present at homologous positions in meningococcal genomes. Most vsr genes of meningococcal strains encoding one Vsr endonuclease are associated with the solitary m5C-MTase gene and the TIGR02391 family protein gene (e.g. the nme18IIVP gene encoding the V.Nme18IIP endonuclease is associated with the nme18IIM gene encoding the solitary M.Nme18II m5C-MTase). This also applies to genes encoding the type I Vsr endonucleases present in N. meningitidis strains possessing two vsr genes. By contrast, the genes encoding type II Vsr endonucleases co-localize with genes of the restriction-modification system (RM), flanked by tRNA synthetase genes ( Table 2 ). For example, the nme18VIVP gene encoding the V.Nme18VIP endonuclease is associated with the genes encoding the NmeDI restriction-modification system, and this region is flanked by pheS and pheT genes.
In conclusion, N. meningitidis possesses genes encoding putative Vsr endonucleases, which belong to two phylogenetically distinct groups.
V.Nme18VIP endonuclease digests DNAs containing T:G mismatches, but V.Nme18IIP does not To characterize meningococcal Vsr endonucleases, gene products encoded by N. meningitidis serogroup C FAM18
were chosen. This strain possesses two putative Vsr proteins -V.Nme18IIP (protein ID: CAM11146.1) and V.Nme18-VIP (protein ID: CAM09968.1) -and a DNA methyltransferase, M.Nme18ORF679P, which exhibits 100 % identity to the M.NmeDI m5C-MTase. The presence of 5mC in the genome of the selected strain was confirmed by single-molecule real-time sequencing [16] . To test the endonucleolytic activity of V.Nme18IIP and V.Nme18VIP, proteins were purified to apparent homogeneity by metal affinity chromatography (Fig. S3 ) and subsequently tested for the ability to digest DNA containing T:G mismatches (Table 3 ) (DNA substrates are listed in Table S3 ).
V.Nme18IIP showed 87 % identity and was 88 % positive in the amino acid sequence to the gonococcal Vsr endonuclease V.NgoAXIV, while V.Nme18VIP presented 84 % identity and was 88 % positive to the gonococcal V.NgoAXIII endonuclease. Due to the high homology between the gonococcal and meningococcal Vsr endonucleases, substrates with T:G mismatches, located within sequences modified by both meningococcal and gonococcal m5C-MTases, were used to study the activity of V.Nme18IIP and V.Nme18VIP.
The cleavage of substrates after treatment with the studied Vsr endonucleases resulted only in the appearance of two products (~110 and~80 bp) in the case of the V.Nme18VIP protein ( Fig. 2a and Table 3 ). The substrates were uncut when DNA was treated with the V.Nme18IIP. This demonstrated that there was endonucleolytic activity only for the V.Nme18VIP protein. The highest activity of the V.Nme18-VIP protein was observed in blue buffer.
The results presented in Fig. 2(a) indicate that V.Nme18VIP digested all of the tested DNA substrates containing a T:G mismatch. The substrates include T:G mismatches in the following nucleotide contexts: CTGG, GTCGGC, TCGCGG, GTGGC, AGTGCT, GGCTTC, GTGC, CTGCGG, GGTC, CCGTGG (thymine mismatched to guanine, potentially arising as a result of m5C deamination, is shown in bold).
Since the V.Nme18VIP endonuclease recognized more than one sequence, the DNA substrate preferences of the enzyme were investigated by estimating the first-order rate constant (k st ) of the cleavage of the DNAs listed above. The constants were normalized to k st of the most efficiently processed substrate (Table 3 ). V.Nme18VIP cleaved the substrate DNA most effectively with the CTGG sequence, and least efficiently with the GGTC tetranucleotide (Table 3 and Fig. 2b ). The first-order rate constants of these reactions differed by a factor of~10 (k st =0.1253 for the most efficiently digested substrate and 0.01272 for the least efficiently digested substrate). Moreover, all of the cleaved substrates could be divided into two groups according to the preference of Vsr endonucleases, determined based on a comparison of k st . V.Nme18VIP cut substrates that contained a CTGG, GTCGGC, GGCTTC, TCGCGG, GTGGC, GTGC or AGTGCT sequence more effectively. The cleavage efficiency of the enzyme on these substrates decreased (factor After DNA treatment with V.Nme18IIP, the second Vsr protein of the N. meningitidis serogroup C FAM18, no cleavage products were observed (Fig. 3a) . This indicated that the V.Nme18IIP protein does not cleave the tested DNA substrates with a T:G mismatch. The same effect was observed in all of the tested buffers (described in Fig. S4 ), ruling out an impact from incorrect buffer conditions.
To summarize, of the two Vsr endonucleases found in N. meningitidis serogroup C FAM18, only the V.Nme18VIP protein was active and cleaved DNA substrates with T:G mismatches.
Change of Tyr69 to His69 restores the in vitro activity of the V.Nme18IIP protein Detailed analysis and comparison of the amino acid sequence of V.Nme18IIP to the sequences of the V.NgoAX-III, V.NgoAXIV, V.EcoKDcm, V.BssHIII and V.Nme18VIP endonucleases, which are all active in vitro, revealed conserved residues at positions 25, 51, 62 64 and 97 of the amino acid sequence (Table 2 ). Unlike the endonucleases listed above, all of which have histidine in position 69, V. Nme18IIP carries a tyrosine. To investigate the implications of this difference, we carried out site-directed mutagenesis of the nme18IIPV gene to obtain the V.Nme18IIPY69H protein, which was subsequently purified, and its endonucleolytic activity was then investigated using substrate
DNAs with a T:G mismatch. The data presented in Fig. 3(b) demonstrate that the V.Nme18IIPY69H protein cleaves DNA substrates containing T:G mismatches in the following nucleotide contexts: CTGG, GTCGGC, GGCTTC, TCGCGG, GTGGC, GTGC and AGTGCT.
To conclude, although the wild-type V.Nme18IIP was inactive, the exchange of Tyr69 to His69 restored the endonucleolytic activity of the protein.
V.Nme18VIP and V.Nme18IIPY69H endonucleases cleave DNA with mismatches other than T:G After demonstrating that V.Nme18VIP and V.Nme18II-PY69H proteins cleave substrate DNAs containing T:G mismatches, the ability of the proteins to cleave DNA substrates with G:G, A:G, T:T, C:C, T:C, A:A, U:G or C:A mismatches was tested by a nicking assay.
The presence of two product bands (~110 and~80 bp) after the protein treatment of DNA substrates with T:T or U:G mismatches revealed that these mismatches were recognized by V.Nme18VIP (Fig. 4a) . The first-order rate constant (k st ) for these substrates equalled 0.013 and 0.018, respectively. The presence of uncleaved DNA substrates with G:G, A:G, C:C, T:C, A:A or C:A mismatches and the absence of product bands indicated that the V.Nme18VIP endonuclease does not digest DNA containing these mismatches (Fig. 4a) .
The appearance of two product bands after V.Nme18II-PY69H protein treatment of the DNA substrate with U:G mismatches, and the lack of products after the analogous treatment of DNA substrates with T:T, G:G, A:G, C:C, T:C, A:A or C:A mismatches, indicated that the protein recognizes U:G mismatches (k st 0.012) in addition to T:G mismatches (Fig. 4b) . ||The putative Vsr endonucleases encoded by genes associated with genes of the restriction-modification system. ¶The amino acid residues in the predicted region important for the catalytic activity of the Vsr endonucleases: Glu25; Asp51; Asp64; His69; Glu97. The position and name of the crucial amino acid are bold and underlined. All in vitro-active Vsr endonucleases have a His at position 69 [10] . #Allele NEIS0678 : 1.
**Not found. To summarize, the meningococcal Vsr proteins V.Nme18-VIP and V.Nme18IIPY69H were determined as recognizing T:T and U:G mismatches, in addition to those for T:G.
DISCUSSION
In our work, we demonstrated that m5C-MTases encoded by N. meningitidis strains are potentially mutagenic, which necessitates the presence of a suitable DNA repair system. Using in silico analysis, we also determined that individual meningococcal strains possess either two, one or no vsr genes. Additionally, for the first time, the in vitro activity of meningococcal Vsr endonucleases has been shown.
The N. meningitidis serogroup C FAM18 is representative of meningococcal strains encoding two putative Vsr endonucleases -V.Nme18VIP and V.Nme18IIP. In this aspect, the strain resembles N. gonorrhoeae FA1090, which also has two vsr genes encoding endonucleases V.NgoAXIII and V. NgoAXIV [10] . However, unlike for gonococcus, where both V.NgoAXIII and V.NgoAXIV are active, in N. meningitidis only one Vsr protein (V.Nme18VIP) exhibited endonucleolytic activity in vitro. This finding is intriguing, since both N. meningitidis serogroup C FAM18 and N. gonorrhoeae FA1090 encode more than one m5C-MTase. This may imply that these bacteria are in various stages of Vsr endonuclease evolution, which makes meningococcal and gonococcal strains excellent models to study the evolution and differentiation of Vsr endonucleases.
Similarly to the previously characterized Vsr endonucleases in vitro [8] [9] [10] , V.Nme18VIP may cleave DNA with mispaired nucleotides without the cooperation of auxiliary proteins. V. Nme18VIP cleaved DNA substrates containing T:G mismatches in all of the tested nucleotide contexts. It should be noted that among the preferentially digested substrates are sequences (in which cytosine is replaced by thymine) deriving from those recognized by meningococcal 5mC MTases. In N. meningitidis serogroup C FAM18, 5mC methylation activity was shown for M.Nme18ORF679P (RCCGGY, R=A/G, Y=C/ T, the cytosine modified by m5C-MTase is bold and underlined), M.Nme18ORF1992P (CCGG) and M. Nme18ORF1180P (GGNNCC, N=A/T/C/G).
The multispecificity of the V.Nme18VIP endonuclease may be connected to the necessity to counteract the effects of *Thymine mispaired with guanine is shown in bold. †All experiments were repeated at least three times and their results were averaged with a maximum error of 10 %. ‡'1' indicatesthe substrate DNA that was most efficiently digested by the V.Nme18VIP endonuclease The reaction efficiency decreases together with the increase of the factor of decrease in efficiency.
m5C deamination in all of the sequences modified by m5C-MTases of N. meningitidis serogroup C FAM18, especially as it is the only active Vsr enzyme in this strain. Furthermore, bacterial m5C-MTases are able to modify noncanonical sequences [25, 26] . Thus, the methylated cytosine in non-canonical sequences may be an additional hot spot requiring correction. The significance of the multispecificity of V.Nme18VIP can also be attributed to the natural competence of Neisseria and the fact that incorporated DNA can contain genes encoding m5C-MTases with additional specificity to that of meningococcal m5C-MTases. The activity of these newly acquired m5C-MTases may increase the mutation frequency. Indeed, it was demonstrated that genes encoding NmeBI and NmeDI restriction-modification systems are located at homologous regions between the phenylalanyl-tRNA synthetase genes pheS and pheT, which appeared to be a preferential site for the insertion of foreign DNA into the N. meningitidis genome [15, 27] . Furthermore, our results indicate that some meningococcal vsr genes (e.g. nme18VIVP and nmeDIVP) are associated with restriction-modification genes flanked by tRNA synthetase genes.
The EcoKDcm H69A [10, 12] , confirmed the importance of His69 for Vsr activity and might also suggest that putative Vsr endonucleases encoded by strains with only one vsr gene may be inactive. Indeed, we were unable to demonstrate the in vitro activity of V.NmeAIP -the unique Vsr endonuclease from N. meningitidis Z2491 (data not presented). The significance of the presence of vsr genes encoding proteins with Tyr69 in amino acid sequences remains unknown. On the other hand, such strains have m5C-MTases; for example, N. meningitidis Z2491 possesses four genes encoding m5C-MTases, including M.NmeAI, the in vitro activity of which has already been described [14] , and for which we showed the mutagenic potential resulting from deamination of m5C. Meningococcal strains without vsr genes also possess genes encoding m5C-MTases, e.g. strain MC58 has one RM system (NmeBI), including a m5C-MTase [15] , and strain W135 at least six m5C-MTases [5] . For this reason, we cannot rule out the possibility that in these strains protection against the effects of deamination is ensured by another DNA repair system, e.g. by mismatch-specific DNA glycosylase. Indeed, in N. meningitidis Z2491 and N. meningitidis MC58 genomes we identified genes of putative G:T/U-mismatch repair DNA glycosylases (NMA0903 and NMB0698, respectively) (A.K., personal communication). The ability of DNA glycosylases to digest DNA with T:G mismatches was also demonstrated for the Pa-MIG protein of Pyrobaculum aerophilum [28] and the Methanobacterium thermoautotrophicum THF MtH-MIG protein [29] , which are both T/G thymine DNA N-glycosylases acting on T:G mismatches resulting from spontaneous deamination of m5C. Moreover, the mismatch-specific uracil DNA glycosylase (MUG) of E. coli, in addition to cleaving DNA with U:G mismatches, displays activity on T: G substrates when high concentrations of the enzyme are used [30] .
In addition to the ability of V.Nme18VIP and V.Nme18II-PY69H to cleave DNA with T:G mismatches, these proteins are proficient in digesting DNA with T:T or U:G mismatches. This is the first demonstration of Vsr endonucleases that recognize mismatches other than T:G. Indeed, the previously characterized gonococcal Vsr endonucleases and V.EcoDcmK seem to be specific only for T:G mismatches [8, 10] . The ability of the V.Nme18VIP protein to cleave DNA with T:T or U:G mismatches may be related to the exposure of N. meningitidis to mutagenic factors, such as reactive oxygen species and nitrous acid, produced by the immune system during meningococcal inflammation. Thus, VSP systems with multispecific Vsr endonucleases may not be restricted to the repair of products resulting from 5mC deamination, and may have other roles.
In conclusion, to date, knowledge concerning the meningococcal DNA repair profile has included data on the SOS DNA repair system, base excision repair, recombinational repair, translesion synthesis and mismatch repair [31, 32] . Yet, there have been no data on DNA repair systems that can prevent the effects of 5mC deamination, although meningococcal m5C-MTases activity has been demonstrated. In our studies, we have demonstrated the presence and activity of one meningococcal Vsr endonuclease, and provided the basis for further research on meningococcal DNA repair systems, which prevent the effects of 5mC deamination, while contributing to knowledge of the mechanisms responsible for maintaining the integrity of the highly plastic N. meningitidis genome.
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